Introduction
3D printing or rapid prototyping has long been an established field for materials processing. Over the past decade, this technology has become increasingly applied to materials for healthcare as the number and diversity of biological printing substrates has increased while the cost associated with fabrication strategies has decreased. Commercial industrial grade printers can cost >250 K USD, but the advent of low cost printing options, including RepRap, MakerBots, BioBots, and others, have greatly expanded accessibility to 3D printers useful for printing biomaterials. Although these printers have limitations, they have spurred the development of novel materials and their applications. As a result, this has provided researchers with new ways to address tissue engineering problems not previously possible via traditional fabrication strategies, e.g., hydrogels. [1] [2] [3] Extrusion-based 3D printing is one of the most common printing methodologies, and thus we will largely focus on the progress made with this type of printing. This method benefits from wide adoption, ease of use, precision printing of complex geometries via computer-aided design (CAD), and multiple report, we will focus on the major challenge of reproducibility from laboratory to laboratory using different models of extrusion based printers. We will conclude our report with the major current and future challenges that need to be addressed for the advancement of this methodology.
Designing, Modeling, and Fabricating Extrusion-Based 3D Constructs
In the past decade, extrusion-based 3D printing has transitioned from singe component or material printing to a more complex multi-material printing. This transition has been facilitated through the use of a combination of custom and opensource software and printers as well as the continued advancement of 3D printer technologies available such as the use of multiple print heads concurrently. [28] [29] [30] [31] [32] For example, in addition to custom built printers there are more off-the-shelf options available with the ability to print with multiple materials and under several different conditions such as the BioBot 1 and 2 by BioBots; the 3D-Bioplotter Starter, Developer, and Manufacturer Series by EnvisionTEC; and 3Dη series by NScrypt as well as the 3DDiscovery by regenHU. Furthermore, this has been augmented by interest in translating acquired images from commercially and clinically available imaging modalities such as magnetic resonance imaging (MRI), computed tomography (CT), and ultrasound into formats able to be processed and sliced for printing. In this section, we will discuss the fundamentals of extrusion-based 3D printing and discuss how objects are designed, modeled, and fabricated.
First, extrusion-based 3D printing methods typically use a pneumatic actuator or screw device to feed material through a cartridge and into a nozzle or needle for deposition. These common extrusion methods enable compatibility with a large number of materials, but all feature a curing step that is chemical, photoactivated, etc. Material deposition in X, Y, and Z, are controlled by actuators that regulate positioning of the nozzle in three dimensions. Printing complex geometries with this method can require sacrificial supports as each layer is built on top of a previous layer. Multi-head or -nozzle printers can enable seamless printing of both materials to create these models with minimal user input aside from geometry and materials. However, this added complexity requires that materials be carefully chosen for compatibility with printing conditions, and that the printer be carefully calibrated such that there is not a mismatch in the dimensions of the support scaffold and the desired object. Finally when designing a scaffold, one should select the appropriate printing material, as certain materials perform better and have been extensively characterized. For instance, for bone tissue engineering, a common material is polycaprolactone (PCL) due to its relatively low melting point (≈60 °C), its mechanical strength being similar to native tissue (compressive modulus ≈150-200 MPa), and its ability to be compounded with bioactive molecules to aid in the deposition of bone. [16, 22, 32, 33] However if the end goal is to fabricate a scaffold out of specific cell types, bioinks are used, which allow for direct printing of cells embedded in hydrogels. [8, 23, 27, 28, 31, [34] [35] [36] These materials tend to have reduced mechanical strength versus thermoplastics, making fabrication with multiple materials necessary to achieve the desired structural integrity.
Secondly to model a specific system using an extrusionbased 3D printer, a user must employ a 3D geometry designed via CAD software. The user can define specific parameters that will interpolate surface features and/or the inner geometry. For constructs eventually requiring perfusion, CAD models can be processed using fluid dynamics simulations to model fluid flow through the design, nutrient exchange and consumption, as well as diffusion into/out of the fabricated object. [37] [38] [39] Therefore even with complex geometries, boundary conditions for the culture and cell survival can be established theoretically prior to fabrication to ensure compatibility with systems such as syringe pumps, bioreactors, or other dynamic and static culturing methods. Yet, once an engineered tissue or mimetic system becomes exceedingly large, nutrient exchange and transfer become limiting factors. In vivo vasculature provides a mechanism for delivering nutrients and removing waste from tissue. While that may also be the case for implantable 3D printed devices in vitro, nutrient and waste exchange becomes more complicated by diffusion limits and nutrient consumption. Additionally, host circulation will regulate chemical signaling, maintain homeostasis, and deliver the host's defenses to protect against infection. Vascular mimetics developed by Miller et al. are a good example of this, where they described the generation of larger cell laden hydrogels using sacrificial molds. [40] Aside from vascularity, structure porosity, which can also be analyzed in silico, can modulate appropriate flow rates to ensure adequate nutrient exchange within the device. [41, 42] Prior to fabrication, more careful consideration of diffusion and nutrient limitations may improve experimental efficiency by reducing trial and error typically encountered with material modification.
There has been a push to develop more patient-specific approaches to the design of 3D printed scaffolds. One method of generating patient-specific geometries is to acquire images from typical medical imaging technologies such as MRI, CT, and ultrasound scans. These source images can then be imported into CAD software to develop your model. While image acquisition can be cost prohibitive, online repositories of 3D models (https://3dprint.nih.gov) have been instrumental in the proliferation of 3D printed models as it eliminates the need for direct access to these costly imaging devices and techniques. We believe that the expansion and sharing of 3D model data will provide researchers with the ability to rapidly reproduce models. It should also allow researcher more time to spend on material development and functionalization strategies.
Finally, to fabricate an extrusion-based 3D construct, one must first take their design-after fully vetting the modeland fabricate it with the printer. To accomplish this, slicing programs are used to take the overall geometry produced in CAD software and slice it into layers such that it can be printed using material cylinders created during the extrusion process. During slicing, the spacing between layers set by the printer is critical to ensure adequate contact between layers and prevent delamination. The exact amount of overlap desired is material dependent and determined by user input, but typically Z height change between layers can be 75% to 100% of the strand diameter. Between each layer, it is common to rotate fiber orientation by a specified angle to create different pore sizes and contact angles. Depending on the mechanical properties of the material being deposited, strand-to-strand spacing may be modified to prevent layer sagging, especially in unsupported regions. These properties can be augmented by changing strand diameter via (1) needle diameter, (2) extrusion rate, (3) printer head speed, (4) extruded material viscosity, and (5) temperature of the nozzle. For instance, as the extrusion rate decreases at a fixed temperature, printer head speed, and needle (or nozzle) diameter, the thickness of the resultant strand will decrease. Similarly, as the needle diameter is decreased or the printer head speed is increased, the resultant strand diameter will decrease although this change may need to be accompanied by an increase in applied pressure to result in uniform strand deposition. Material viscosity and temperature of the nozzle are interconnected and can have similar effects of print fidelity and strand diameter. If viscosity is too low, then the material may flow too much after printing and the strand will not be uniform and will typically flatten. Therefore, it is important to carefully select these parameters to ensure the best print fidelity and to help maintain structural integrity.
At the outset of this report and before discussion specific variants of extrusion-based 3D printing, we note some of its general advantages and caveats. Extrusion-based 3D printing is more cost effective and arguably easier to adopt than other printing methods mentioned previously. Secondly geometrical and fabrication parameters can be easily changed to accomplish the user's scaffold requirements, e.g., high modulus, structural integrity, etc. For example, layer-by-layer fabrication using cylindrical fibers increases structural integrity compared to other 3D printing strategies, e.g., inkjet or droplet based fabrication. By reducing the number of material interfaces, there is decreased need for strong bonds between deposited layers, though these interfaces still require characterization to ensure a strong bond between layers. For materials that are cured using a light source, this can be achieved by purposefully "soft-curing," i.e., partially crosslinking the material at each layer. This will help ensure that there are still reactive groups in the previous layer to form covalent bonds with the newly added layer. Additionally, printing parameters can also be changed to decrease the interface area to volume ratio, which will increase the mechanical strength of the resultant print. Despite these advantages, specific caveats should be and are being addressed by the field. For example, cell exposure to shear forces or harsh curing parameters negatively impact survival. The requirement of multiple materials to mimic a complex tissue or potentially provide the necessary structural support requires the complication of multi-material extrusion. [17, 19, 32] Multi-component systems, however, can easily create interfacial tissues in bone, muscle, vasculature, and organogenesis. [19, [28] [29] [30] [31] 43, 44] Thus while this remains a concern, it can be used to one's advantage in these applications. As discussed previously, another critical caveat is efficient nutrient, gas, and waste exchange. While the incorporation of channels or embedded microvasculature alleviates this concern, and similar solutions exist for other caveats, these challenges exist nonetheless for basic users of extrusion-based 3D printing systems. While this is certainly not an exhaustive list of the pros and cons to extrusion-based printing, we believe that it represents critical points that one can take into account prior to adopting an extrusion-based 3D printing approach.
Variations on Extrusion-Based 3D Printing
Beyond basic approaches to extrusion-based 3D printing, there are several common variants. In this section, we note what these variants are and how they can be used for both cell-free and cell-laden (bioink) printing. We also discuss current stateof-the-art applications using this methodology, especially how they relate to vascularized mimics, multi-material scaffolds, and tissue mimetics.
Fused Deposition Modeling (FDM) and Extrusion-Based Printing
FDM uses a heated print head or cartridge to melt a polymer or mixture and uses a feeding mechanism such as a screw or pressure driven system to push the highly viscous melt through the syringe. This process yields structures that have well defined architecture and well controlled geometry. Given the high temperatures usually involved in this form of 3D printing, FDM is used to fabricate designs out of scaffolding materials or to fabricate scaffolds that will be used as sacrificial layers post printing. The following sections illustrate some of the more common and most recent advances in applications of FDM.
Vascular Mimetic Models
Inadequate nutrient and waste exchange is a significant tissue engineering problem that limits the scaffold size when vasculature is absent. As such, many groups have attempted to 3D print acellular scaffolds to generate a microvasculature that could provide sufficient nutrient flux. [45] [46] [47] One of the most common methods to make these models is to print a sacrificial mold, a method pioneered by Miller et al. in which liquid sugar was FDM-printed onto a surface, crystallized, and an extracellular matrix deposited into the interstitial spaces (Figure 1) . This original concept has been further refined by coating the printed substrate to inhibit solubilization when an aqueous hydrogel containing cells is cast around it. After casting the hydrogel, the substrate is dissolved using warmed water with a perfusion system, resulting in channels that can be seeded with HUVECs to make the artificial vasculature. [40] Although originally described in vitro, a similar method has also been adopted in vivo application. [48] Kolesky et al. fabricated similar mimetics using gelatin as a sacrificial layer and expanded to larger tissues. [18, 19, 49] Lee and colleagues used this same concept, but instead of fabricating an acellular gelatin layer, they exploited the biocompatibility of gelatin and its thermoresponsive gelation/melting to directly seed cells in a cell-laden hydrogel and then dissolved away the gelatin. Gradually dissolving the hydrogel enabled gelatin-embedded HUVECs to adhere to the inner lumen of the vascular mimetic. These examples represent a fraction of the progress in this area, but despite these successes, there remain key fabrication issues that prohibit a wide array of materials to be used in this application. For example, the interdependence of bulk and template material properties reduces the potential combinations available for 3D printing of vascular mimetics. This observation, combined with successful initial approaches, reinforces the need to further develop and more completely characterize biomaterials for this application.
Bone Mimetic Models
Many groups have redeveloped common materials for FDM printing, including PCL and poly(propylene fumarate) (PPF). These materials are used in traditional tissue engineered bone implants due to both their mechanical strength and properties being similar to that of bone, and their slow degradation kinetics which allow for native tissue invasion. [3, 5, 50, 51] Although 3D printing is a relatively recent field, PCL and other thermoplastics are among the most commonly used materials in tissue engineering. [3] This is in part due to their well-defined material properties, low cost, and well-characterized printing parameters. [3, 32, 50] Most recently, these materials have been modified to mimic native tissue. Bone-derived materials perform very well in vivo and in vitro and provide a platform that performs as well-if not better than-synthetic scaffolds currently in use, e.g., PCL. [52] Importantly, Hung et al. and Nyberg et al. have independently generated bone tissue mimetics that utilize decellularized extracellular matrix (ECM) components in conjunction with PCL. [16, 22] Although these were fabricated using composite materials at a time, the increase in complexity to better mimic the native tissue resulted in an increase in bone formation. With advances to mimic the native tissues, Nicholas et al. developed methods for using CAD to model and characterize their printed bone tissue mimetics to better understand the impact of the complex geometry on the physical properties. [32] Materials designed and fabricated in this manner have recently resulted in exciting progress toward fabricating resorbable bone implants made out of PPF and PPF + PCL composites. [4, 5, 50, 51] Not only do these 3D printed scaffolds provide a basis for therapeutics, but recent investigations into the interactions of cancer cells with bone tissue mimetics demonstrate an exciting new platform for assessing cancer cells in vitro. [53] 
Soft Tissue Mimetic Models
Bioprostheses fabricated via 3D printing show great promise due to the patient-specific capability of 3D printing. Although examples of major soft tissue architecture being replicated using 3D printing are relatively rare, significant progress has been made in tissues where less mechanical support is needed by the implant or where geometry is relatively simple. Given the wide range of tissues that have been attempted, we will focus our discussion on two of the more successful attempts. Laronda et al. have recently developed a bioprosthetic ovary using 3D printed microporous scaffolds. [20] The 3D geometry, specifically pore shape, led to an increased interaction between the scaffold and ovarian follicle. Figure 2A -F illustrates the pore geometries investigated, which enabled significant interactions between the material and the follicles depending on fiber orientation ( Figure 2G-J) . These follicle-scaffold interactions led to an increase in implant survival rate and vascularization. Subsequently implanted follicles restored ovarian function even in sterilized mice. However, evaluation of pore architecture's influence on cell responses and matrix interactions is limited despite significant exploration of the input hard materials, e.g., PCL. [24] Although similar work has been performed with other hydrogel materials, these attempts are smaller and not 3D printed. [54, 55] Additionally, material scale-up to a large animal or a human would not be possible using previous fabrication methods. As such this work demonstrated that pore size and architecture is critical for functional tissue engineering. However, as Laronda et al. noted, future endeavors will need to incorporate vasculature or a vasculature mimetic for long-term function.
As a second successful example, extrusion-based printing has been used to treat injuries of the eardrum, which is relatively common for children. Current treatments require extended surgical times to implant a scaffold, so recent approaches have attempted to use 3D printed scaffolds. For example, Kuo et al. demonstrated that they can image a damaged eardrum, create a CAD model, and fabricate a plug for implantation using methacrylated-gelatin (GelMA) and a sacrificial gelatin layer. [56] These plugs had lips on the inner and outer edges matching the geometry of the defect to allow them to be pressed into place. The scaffolds were strong enough that they maintained structural integrity in vivo in chinchillas until they were degraded and replaced by native tissue. Other groups, using multiple materials including polydimethylsiloxane, polylactic acid, and PCL, have mimicked the tympanic membrane with composite materials. [43] These examples demonstrate the progress that has been made in controlling of geometry of soft materials such as hydrogels and how they can impact the future of healthcare.
Extrusion-Based Bioprinting
FDM, given its high temperature and other printing properties, is difficult to use in applications where the cells must be embedded in the scaffold struts. On the other hand, bioinks, which are printing materials or resins with cells embedded, have garnered significant interest recently because of their relatively cell permissible printing requirements. Bioprinting materials such as gelatin and GelMA have been widely adopted in 3D printing due to their biocompatibility, ease of fabrication, and relative low cost. However, this simplicity comes at a cost; bioinks do not always provide the necessary cell-substrate interactions and major remodeling needs to occur by the embedded cells for them to behave as they would in vivo. To address this concern, bioink complexity has been steadily increasing to recapitulate major aspects of native ECM. [14, 28, 44, 57] Although we can exert extensive spatial control over material deposition, there are still issues controlling localized print properties. Secondly, the added complexity of modifying the bioinks with additives or manipulation of localized properties can impact the material properties and the printability of the resultant material. Although there has been significant progress in the development of these materials such as in references [14, 23, 26, 27, 34, 35, 58, 59 ], material printability is commonly assessed on a case-by-case basis rather than fully characterized for a range of printing parameters. Therefore any deviation from the published designs and parameters or even printer utilized will result in significant variability. A more generic assessment of material printability could potentially provide a stronger foundation for 3D printing and the adoption of the material for a diverse set of applications.
Extrusion-based 3D printing of hydrogels has some significant advantages as well as a few drawbacks when compared with other fabrication strategies. One major advantage for extrusion-based printing, is the ability to fabricate designs with high cell densities (e.g., >1 × 10 6 cells mL −1 or even spheroids). [11, 60] There are potential issues with shear stress during the fabrication process being one of the leading causes of cell death for cell-laden hydrogel printing. [25, 36] However, this has been addressed recently with the use of shear thinning bioinks. [8, 61] These bioinks can lead to an increased cell viability by decreasing the shear stress that the cells are exposed to during the extrusion process and postextrusion, there is little deformation of the resultant hydrogel, thus leading to a higher fidelity of the resultant print. Additionally, extrusion based printing is compatible with bioinks of a wide range of viscosity, and work particularly well with bioinks of relatively high viscosity (≈10 4 Pa s for the BioBot and 3D-Bioplotter). Thus, this allows for more time for additional curing or crosslinking to help strengthen the final print after the deposition of each layer. However, too much crosslinking during the gelation process can potential inhibit migration, proliferation, and cell spreading. To overcome these challenges, composite bioinks have been used consisting of interpenetrating networks, nanocomposites, or other combinations therein. [8, 23, [26] [27] [28] [34] [35] [36] 59, 60] For example, the following types of bioinks are commonly employed to increase cell viability, cell attachment, and cell spreading by reducing the shear stress experienced by the cells and by providing more physiologically relevant binding sites such as RGD: (1) GelMA + Alginate printed into a calcium containing solution, (2) methacrylated hyaluronic acid (MeHA), and (3) decellularized ECM. [7, 14, 23, 27, 36, 60] Additional reviews on specific bioinks, their formulations, and their printability can be found in references [62] [63] [64] .
3D Bioprinted Soft Tissue Mimetics for Tissue and Disease Modeling
Soft tissue mimetics provide opportunities to better model in vitro conditions. Through the 3D bioprinting process, researchers can spatially control the deposition of cellladen hydrogels as well as growth factors and cytokines. While a growing number of examples exist-indeed enough for its own report-we will focus on efforts to mimic the spiral arteries of the placenta and explore the origins of diseases such as preeclampsia (Figure 3) . Trophoblast migration or lack thereof may be a cause of preeclampsia, but until now there were only very reduced models to interrogate potential mechanisms that cause the life threatening condition during pregnancy. Recapitulating the growth factor gradients present in native tissue will provide a foundation for assessing invasion of trophoblasts ( Figure 3A) . Furthermore, the ability to fabricate complex spiral geometries mimicking native architecture enables future studies of more complex 3D invasion assays ( Figure 3B ). As discussed previously, CAD models developed for the printing process can also be analyzed using in silico models. Models can define the growth factor gradients established by printing growth factor laden materials to ensure proper gradients prior to fabrication ( Figure 3C ). Soft tissue models have also expanded to include liver and have recently been commercialized as a liver mimic to assess toxicity. For example, Organovo has recently demonstrated the ability to fabricate liver tissue using 3D printing, providing a foundation for the fabricating larger tissues. [65] These mimetic tissues are fabricated using a proprietary 3D H-J) scale bar = 100 µm. Reproduced and adapted under creative commons terms. [20] Copyright 2017, Nature Publishing Group.
printer and are directly fabricated onto transwell inserts for in vitro study. The 3D printed tissues were comprised of three different cell types and were used to assess drug induced liver damage. [65] In addition to this work, other researchers have been developing similar technologies using 3D printed microfluidic channels rather than transwell systems to fabricate a liver-on-a-chip to assess drug side effects and cytotoxicity. [66] These soft tissue models will play an integral role in the future design and development of in vitro disease modeling and drug testing.
Interfacial Multi-Material Printing
Concurrent utilization of multiple materials is a cutting edge development in 3D printing. Although some custom printers exist with multiple print heads or print nozzles, there are still many that print only one material at a time. [29] Part of this issue is due to the complexity of printing multiple materials at the same time, which requires different print heads calibrated and aligned with each other. If there is mismatch, then this error will propagate as each layer and material is deposited. Kang et al. recently developed a novel approach to fabricate a multi-material scaffold. [17] In the method they employed, each layer deposited was built out of one material and the next layer was deposited with some overlap to ensure integrity later. Figure 4A ,B shows an exploded view version of 3D printing. After depositing all layers, the scaffold was compressed until the support structures, in this case PCL, came together forming the final structure. Even more recently, Liu et al have demonstrated another method for the rapid deposition of multiple materials to generate complex scaffolds with varying inner geometries and composition. [31] Figure 4C demonstrates the controlled deposition of multiple materials in the Z direction with distinct layering. Figure 4D ,E illustrates how this same printing can fabricate scaffolds with up to seven different inks at the same time with precise control over the spatial deposition of each hydrogel. Furthermore, Figure 4F shows how this can be scaled up to larger, organ-like structures being fabricated with precise control of bioink deposition at a high resolution. [31] Structures such as these have the potential to overcome issues of incorporating in the native vasculature and have great promise for the ability to fabricate scaffolds with multiple cell types concurrently with well-defined spatial parameters.
Comparison of Other Fabrication Techniques
Although this progress report focuses mainly on the current state of extrusion-based approaches for tissue engineering applications, there other many other forms of 3D printing in use. There are many reviews devoted to extensive comparison of these technologies, which we recommend to the reader who is unfamiliar with the potential benefits of these other methodologies. [14, 15, [67] [68] [69] [70] [71] However, we will discuss a few key differences between selective laser sintering, stereolithography, inkjet, and extrusion-based fabrication strategies.
Adv. Healthcare Mater. 2018, 7, 1701161 Figure 3. 3D printed placenta mimetic. A) Illustration and corresponding micrographs demonstrating the invasion of cells printed onto the outer periphery of the mimetic with an EGF source in the middle of the scaffold at day 2 and day 8 of the study. B) This work demonstrates the ability to fabricate complex scaffold using multiple soft hydrogel materials to create defined regions with different components. C) COMSOL modeling of the EGF gradient established over the time course of the experiment throughout the hydrogel. Models such as this can be readily developed using the material properties and CAD models to theoretically determine the concentration of molecules as a function of time within 3D printed scaffolds. Reproduced and adapted with permission. [41] Copyright 2017, American Chemistry Society.
Selective laser sintering (SLS) generates scaffolds out of resin beds and a sintering process at the surface. These can be metals, polymers, or composites and can be used to make large acellular prints for implantation or in vitro studies. [72] This approach, when combined with two-photon light sources or micro laser sintering, has among the best resolution of modern 3D printing (≈20-100 µm), but one major drawback is the limited fabrication speed. [73] [74] [75] [76] See Table 1 for an overview and comparison with other 3D printing methods. [67, 68, 71, 77] Another common mode of manufacturing-and one of the oldest-is stereolithography (SLA). Even though SLA based printing has a reduced overall print resolution when compared with SLS, materials in use today can reach sub-100 µm in resolution in all three dimensions, which can be seen as adequate for most applications. [68] Resolution can be maintained even at relatively fast fabrication speeds since entire layers can be exposed using UV or visible light at the same time. [69] This printing method allows object height to be determined by the overall print time rather than object complexity. However, complex objects may need additional support structures to maintain fidelity. Inkjet printing is especially useful for the fabrication of small scale objects out of cell-laden hydrogels. This method has among the best resolution for cell-based printing (pL sized droplets), but it lacks the ability to produce mechanically strong structures, limiting structure size as a result. [78] However, the main focus of this report was extrusion based 3D printing due to its relatively widespread adoption and available materials. This form of printing can be used with either cell-laden or cell-free materials. The overall print resolution depends upon a combination of print parameters, e.g., needle diameter, print head velocity, and extrusion pressure or rate, but is typically around 100 µm. [2, 4, 5, 25, 61, 70] Such resolution is on par with the other forms of 3D printing, but has the added benefit of being one of the most accessible due to the large investment of materials and equipment in this research space. In summary, a printing method may be more advantageous for a given application due to requirements for fabrication speed, cell compatibility, or complex architecture necessitating a support structure.
Reproducibility
Two of the key selling points of 3D printing and additive manufacturing are reproducibility and repeatability. For a given system and material, many groups have demonstrated their ability to reproducibly fabricate scaffolds and designs with relatively high fidelity as is expected when using 3D printing systems. As with any manufacturing process, there can be issues in the scale up from bench top to industrial scale. In 3D printing, this may also not be limited to a change in production scale, but also can be attributed to the many different 3D printing systems either custom-built or commercially available. For each individual printer, there are specific conditions at which a material will print with high fidelity and the greatest reproducibility from batch-to-batch. One challenge for the development of future materials is establishing not just a specific parameter that works for a given material and application, but defining the materials' properties and behavior using a range of printing parameters. [4, 5] When scientists develop new or modified materials, the adoption of these materials for other systems will require iterative investigation using a factorial design. Other scientists can then select the appropriate conditions to best fit their needs, application, and printer configuration and limitations. Given the rate at which new materials are being developed for Figure 4 . Examples of more complex multi-material 3D printing. A) Schematic demonstrating the workflow of fabricating a multi-layer 3D printed construct. In these multi-material constructs, scaffolds can be fabricated using support materials such as PCL as well as cell-laden hydrogels, and sacrificial materials as discussed in this review. B) Illustration of how the final multi-material print may look using these materials. Reproduced and adapted with permission. [17] Copyright 2016, Nature Publishing Group. Bottom C-F) examples of more complex multi-material hydrogel printing without a secondary support material. In these examples, up to seven different bioinks were deposited to create scaffolds with complex spatial designs. In addition, complex features were fabricated even within the organ-like constructs demonstrating the ability to fabricate large hydrogel based scaffolds using multiple materials while maintaining defined spatial control within these scaffolds. Reproduced and adapted with permission. [31] Copyright 2017, John Wiley and Sons. 
Current and Future Challenges
Although significant advances have been made with regards to resolution and fabrication speed, challenges remain. The drive toward more complex interfacial systems which require accurate deposition of multiple materials during the fabrication process have complicated these challenges. These issues are (1) characterization of the materials developed in terms of printability, (2) compatibility of printing parameters between materials, and (3) cell viability during and after fabrication. With the rapid expansion of the available material types, there is a need for a more unified and complete approach for the characterization of these materials. Understanding the rheological and thermoresponsive properties of new materials will provide the critical building blocks for others to use these materials with the wide assortment of 3D printers available. Ideally, extensive characterization will result in the need to only optimize the conditions for a specific printer and end material parameters. [6] This could lead to a reduction in time between the publication of a new material and adoption of this material by the community as a whole. FDM and cell-free printing have the most promise in future applications as structural and sacrificial materials. The strength of materials currently in use with FDM have yet to be matched by hydrogels; therefore, composite prints will become more commonplace. This method of extrusion-based printing, as discussed in this review, will provide the foundation for more complex prints. Although it is expected these will be used to make vascular mimetics and structural components, there are still concerns with printing parameters to ensure cell viability when used as a secondary material alongside bioinks.
For extrusion-based bioprinting, embedded cell viability is still below that of other 3D printing technologies due to the forces to which the cells are exposed. [7, 36] For this method of printing, it is a constant balance between fabrication speed and viability; however, another factor that can negatively impact cell viability is the time in the printer and not under culture conditions, i.e., the layer-by-layer fabrication time needs to be reduced. The printing bioinks are formulated for cell survival post-printing, but typically are not conducive to cell survival as culture conditions.
As bioink complexity continues to evolve to mimic tissues, there is also the added consideration that a given material may not be sufficient for a given application. Complex problems either for in vitro mimetics or for in vivo implantation will require a range of features, mechanical properties, surface binding sites, etc. to ensure appropriate cell survival as discussed earlier in this review. Cell response on not only a bulk material level, but on a local level, will need to be investigated with an emphasis on the interface between the materials. The interplay of the signaling mechanisms will provide areas of increasing importance as the complexity of the printed objects increase. One avenue to deal with the interfacial problem is to use a multifaceted approach using theoretical modeling in conjunction with experimental observations to facilitate the rapid production of new devices and reduce the number of iterations required to generate a scaffold with desired characteristics. Utilization of 3D models in CAD software for analysis such as COMSOL, SolidWorks, AutoCAD, or other commercially available software will enable the determination of the physical properties based on the building blocks of the final scaffold. In the case of tissues like cartilage where there are known zonal variations in porosity, diffusion, mechanical strength, alignment, and cell density, this sort of modeling can be utilized to help predict ideal fabrication geometries.
These three main issues for future applications add in an additional layer of complexity that needs to be accounted for during the manufacturing process. Otherwise, these solutions developed at the bench side may never make the transition to clinical relevance due to high costs or complexity associated with their implementation. Furthermore, for therapeutic applications to increase in prevalence, there will be a need for a centralized fabrication of these devices and scaffolds. In the future, considerations regarding the establishment of facilities with the appropriate regulatory certifications will need to be undertaken. Given the large cost associated with these endeavors, more centralized facilities may be appropriate. [79, 80] Additionally by reducing the number of potential fabrication methodologies, the transition from bench to bedside may be shortened.
Conclusion
Over the past decade, 3D printing research at the interface between biology, tissue engineering, and materials science has made significant progress toward fabricating complex in vitro model systems and in vivo therapeutics. This progress report highlights some of the most recent advances that are leading the way in which researchers approach the development, characterization, and design of materials to impart improved printability, long-term cell survival, and clinical relevance. Significant challenges remain for the widespread adoption of 3D printing for many healthcare applications, but continual material and printing improvements can address these issues and provide an avenue for broader utilization of extrusion-based 3D printing as a transformative technology.
